' INTRODUCTION
The aryl hydrocarbon receptor (AhR) is a basic helixÀ loopÀhelix (bHLH), Per-ARNT-Sim (PAS) containing liganddependent transcription factor that induces the expression of a large battery of genes and produces diverse biological and toxic effects in a wide range of species and tissues. 1À4 The bestcharacterized high affinity ligands include a variety of toxic halogenated aromatic hydrocarbons (HAHs), such as the polychlorinated dibenzo-p-dioxins (PCDDs), dibenzofurans (PCDFs), and biphenyls (PCBs), and numerous polycyclic aromatic hydrocarbons (PAHs) and PAH-like chemicals, 5À7 all widespread classes of environmental contaminants. Moreover, a number of natural, endogenous, and synthetic AhR agonists and antagonists whose structure and physicochemical characteristics are different from those of the prototypical HAH and PAH ligands have been identified as lower affinity ligands and moderately potent inducers of AhR-dependent gene expression.
7À11
Among the various protein domains responsible for the AhR functional activities, PAS B (one of the two structural repeats in the PAS domain) is the one responsible for ligand binding, and it is also involved in binding to the chaperone heat shock protein 90 (hsp90). 12 Although the AhR signal transduction pathway has been studied for many years, 1À4 several unanswered questions remain. Major issues are the actual spectrum of ligands, how they can bind to the AhR, and how ligand binding to the ligand binding domain (LBD) results in activation of the AhR and AhRdependent gene expression. A molecular understanding of these events would require detailed structural information about the AhR PAS B LBD. However, neither X-ray nor NMR structures of the bound or unbound AhR have been determined to date.
Since the first crystal structures of distant homologous proteins belonging to the PAS superfamily became available, we started developing theoretical models of the AhR LBD by homology modeling techniques and the results provided an initial framework to make hypotheses on LBD characteristics and the mechanisms of AhR functionality. 9, 13, 14 The latest model of the mouse AhR (mAhR) LBD we proposed 14 was built using the NMR structures of the PAS B domains of the human hypoxiainducible factor 2α (HIF-2α) 15 and of the human ARNT, 16 both in the apo form, as templates. That was the most reliable among the models developed in our group, since the template domains show the highest degree of sequence identity and similarity with the AhR PAS B among all the PAS structures reported to date. Moreover, the full length template proteins are members of the bHLH/PAS family of transcriptional factors and functionally related to the AhR. 4 On the basis of model-driven site-directed mutagenesis and AhR functional analysis, the buried cavity in the core of the domain was confirmed as the site involved in ligand On the basis of our findings, other authors recently reported the development of AhR LBD homology models based on the same apo structure of HIF-2α and proposed the use of these models for molecular docking applications. 18À22 Although the use of homology models of the target protein, in addition to experimental structures, has greatly extended the applicability of molecular docking approaches, 23À25 the use of good quality models, in particular of the binding site, is crucial for the prediction of reliable binding poses. 24,26À28 In fact, it was proven that the success of docking calculation decreases with the quality of the receptor structure and, in particular, with the decreasing ability of the structure to reproduce the features of the active site that are important for ligand recognition. Modeled structures, even those having high sequence identity to their template structure, can have improperly placed side chains in the binding site. This can be partially overcome by the use of holo template structures, that take into account the induced fit effects associated with the presence of a ligand in the binding cavity, thus greatly improving the quality of the modeled cavity and the reliability of the predicted binding modes of similar ligands. 26, 29 Since all of the AhR LBD models developed to date were derived from apo template structures, their use in molecular docking could have some limitations.
The recent depositions of new X-ray structures of the human HIF-2α:ARNT PAS B heterodimer cocrystallized with artificial ligands 30, 31 provided us with an opportunity to improve the quality of the modeled AhR binding site. With their studies, Gardner and co-workers demonstrated that other PAS domains, in addition to the AhR, are able to bind small-molecule ligands.
30À32 Moreover, they highlighted that the crystal structures of the ligand-bound HIF-2α PAS B domain show larger binding cavities and have important conformational differences compared to the apo structures previously determined by NMR. 30, 31 Demonstration of the ability of these HIF-2α ligands to bind to the AhR LBD would suggest similarities in features of the two binding cavities that are involved in ligand recognition. This experimental finding would also justify the use of the new ligandbound HIF-2α three-dimensional structures to develop a new homology model of the AhR LBD, specifically targeted to improve the accuracy of the binding site for molecular docking applications aimed to reliably analyze the binding modes of the wide spectrum of chemicals that bind to the AhR.
Here we demonstrate the binding and agonist activity of HIF-2α crystallographic ligands 30, 31 to the AhR, confirming the choice of using the above-mentioned ligand-bound HIF-2α complexes as templates for the AhR LBD modeling. Using this improved model, we propose to predict the binding modes of AhR ligands in the modeled LBD by a specifically developed docking approach. First, validation of the homology modeling/ docking approach is performed by comparison of the calculated and the experimental binding affinities of active THS ligands and TCDD for the mAhR. Moreover, the predicted TCDD binding mode within the binding cavity is confirmed by functional activity analysis using several mAhR mutants generated on the basis of the modeling results. Ligand binding to new homology models of the human AhR (huAhR) and the rat AhR (rtAhR) is also analyzed. With this information, the ability of the proposed approach to reproduce the different affinities of TCDD for AhRs of different species 33 was verified and a first test of its reliability in virtual screening applications is carried out by analyzing the correlation between the calculated and experimental binding affinities of a set of 14 PCDDs for the rtAhR. 34, 35 ' RESULTS AND DISCUSSION THS Ligands Can Bind to and Activate the mAhR LBD. A series of synthetic compounds that could bind to and be cocrystallized with a recombinant HIF-2α PAS B fragment 31 has recently been reported. Considering that both HIF-2α and AhR proteins belong to the same superfamily and have PAS B domains with relatively high sequence identity and similarity, we hypothesized that these compounds might also bind to the AhR. Accordingly, we examined the ability of three of these compounds (THS-017, THS-020, and THS-044 (Figure 1) 36 These experiments revealed that THS-017 and THS-020 could competitively displace [ 3 H]TCDD specific binding to the AhR in a concentrationdependent manner (Figure 2A ). Relative binding affinity values (IC 50 ) for THS-017 (∼0.6 μM) and THS-020 (∼4.2 μM) were determined by nonlinear regression analysis of the competitive binding curves and demonstrate that these ligands have significantly lower affinity than that of TCDD (1 nM). 37, 38 While binding analysis confirms the ability of the compounds to directly interact with the AhR, it does not provide any information as to the functional activity of the ligand. To determine whether these ligands were AhR agonists, we examined their ability to stimulate DNA binding of in vitro synthesized mAhR (using gel retardation analysis) and AhR-dependent gene expression in cells in culture (using transient transfection). Both THS-017 and THS-020 could stimulate mAhR DNA binding in a concentration-dependent manner ( Figure 2B ), and the amount of induced THS-017/THS-020:AhR:ARNT: DNA complex formed at each concentration from multiple experiments was determined and expressed relative to that produced by a maximal activating concentration of TCDD Figure 1 . THS compounds used in these studies. The structure of (a) THS-044, (b) THS-017, (c) THS-020.
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( Figure 2C ). The relative binding affinity of THS-017 and THS-020 ( Figure 2A ) compares favorably with the relative potency of each to stimulate mAhR DNA binding ( Figure 2B /C), with THS-017 having a slightly greater affinity and potency. The ability of these compounds to stimulate AhR transformation and DNA binding is consistent with their ability to act as AhR agonists. To confirm this, we examined the ability of THS-017 and THS-020 to stimulate AhR-dependent luciferase reporter gene expression. COS-1 cells that had been transiently cotransfected with a mAhR expression vector and an AhR-responsive luciferase plasmid (pGudLuc6.1) 39 were incubated for 24 h with THS-017, THS-020, or several known AhR agonists (TCDD, 3-methylcholanthrene (3MC), indirubin, or alpha-naphthoflavone (aNF)) and luciferase activity determined. These results clearly demonstrate the ability of both THS-017 and THS-020 to stimulate AhR-dependent gene expression and although they were less potent than the well established AhR agonists TCDD, 3MC, and indirubin, they were comparable to the lesser potent AhR agonist aNF. Together, these results demonstrate that THS-017 and THS-020 are AhR agonists with affinities and potencies comparable to many well-characterized AhR ligands, 40 and they provide strong justification for use of the crystal structures of THS-bound HIF-2α as improved templates for modeling the AhR LBD. 
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ARTICLE mAhR Homology Modeling. Homology modeling techniques were applied to predict the LBD structure (residues 278À384) of the mAhR that takes into account the presence of ligands in its binding site. In fact, an improved description of the binding cavity in the bound form makes the mAhR model more suitable for accurate docking calculations and virtual screening applications 26 than the models based on previously proposed apo template structures. 14, 17 ) provides optimal template structures to improve the AhR PAS B homology model for docking applications. Their properties are summarized in Table 1 . Although our experiments demonstrated that only THS-017 and THS-020 act as AhR agonists, all three template structures were used in the homology modeling. In fact, while the ligand binding site is highly conserved among the three crystallized THS:HIF-2α PAS B, the combined use of the three structures does provide a better statistical representation of the possible conformational variability of the whole protein in the bound form.
The sequence alignment of the mAhR and the HIF-2α template previously proposed 14, 17 was employed for modeling. Analysis of the alignment ( Figure SI1 ) demonstrates that the major part of the AhR LBD can be modeled on the basis of all the three X-ray depositions of the template. A short region, corresponding to the Hβ/Iβ loop (the secondary structures attributed by DSSPcont 41 are shown in the figure) , is solved only in one template structure (PDB ID: 3H82).
The crystallographic structures of the three templates were prepared as described in the Experimental Section. One-hundred three-dimensional models for the mAhR LBD were generated using MODELLER 42À45 and energetically ranked by the DOPE score 46 (see Experimental Section). The template-bound structures of the THS ligands ( Figure 1) were transferred into the mAhR homology models for the purpose of obtaining a binding cavity that takes into account ligand induced-fit effects.
The first visual inspection of the resulting one-hundred mAhR homology models highlighted some conformational variability in the Hβ/Iβ loop and around the inserted Gly 313 ( Figure SI2 ). The flexibility of the Hβ/Iβ loop can be ignored as it does not influence the dimension of the binding site. In contrast, the conformational variability observed around Gly 313, that lines the ligand binding cavity, was further analyzed since the dynamic behavior of the binding site must be taken into account for docking applications. Based on these observations, a workflow for the selection of representative conformations of the mAhR binding site was established, and the implemented selection funnel is presented in Scheme 1.
Five conformational clusters for the AhR were identified, and the almost regular membership distribution in clusters 1À4 confirmed a dynamic binding site behavior. Since only two conformers populate cluster 5, it can be considered statistically less representative in the description of the mAhR conformational variability, and thus it was not included in subsequent modeling analyses and applications. PROCHECK 47 validation of the selected representative conformations of each cluster indicated a good stereochemical quality, with 87À91% of residues belonging to the most favored areas of the Ramachandran plot and overall G-factors ranging from À0.26 to À0.19 (this index ranges from À0.5 to 0.3 for structures solved at 1.5 Å resolution). Moreover the ProSA z-scores 48, 49 values were between À4.14 and À3.87, within the range of values typical for native protein structures of similar size.
Comparison of the apo and holo Homology Models. Comparative analysis of the new mAhR homology models (holo mAhR) and the previously published model (apo mAhR 14, 17 ) was carried out to elucidate the effects of using holo template structures and including ligands during the binding site modeling. The global and the binding site rmsd of the holo mAhR representative conformations (in the following also named representative homology models, HM) were calculated relative to the apo mAhR model. The resulting values (Table 2) revealed that significant contributions to the global rmsd appear to derive from differences in the conformations of the binding site residues. Focusing on the comparative analysis of residues within 5 Å of the THS ligands in the holo model, several important differences between the apo and holo AhR LBD models appear. Particularly evident is the different conformation of the His 320 residue, whose side chain is projected into the binding site in the apo model while it is projected outside in the holo models. This directly results from the different structural depositions used in the homology modeling. In fact, in the sequence alignment ( Figure SI1 ), AhR His 320 corresponds to His 282 in HIF-2α and it points away from the binding site in the utilized templates, while in the NMR apo HIF-2α structure (PDB ID: 1P97 15 ), used in the previous homology modeling studies, 14, 17 His 282 points inward. However, it is conceivable that this conformational effect is not related to a structural rearrangement of the binding site that occurs upon ligand binding but to crystallographic packing, since His 282 adopts the same outward conformation in all the available X-ray structures of HIF-2α, including the apo ones. 30, 31 Other conformational differences between the apo and holo template structures (i.e., side chain and backbone shifts) are also observed for residues lining the binding pocket, and they are clearly reflected in the respective mAhR homology models. In fact, the rmsd values between the residues identified as the "TCDD-binding fingerprint" 17 in the holo and in the apo mAhR models (Table 2) indicate that significant conformational changes were induced in these side chains by the use of holo template structures.
Since the internal cavity volume is determined by the conformations assumed by the internal binding site residues, the CASTp 50 Web server 51 was used to calculate and compare the accessible Connolly's volumes 52 for the main cavity of the HIF-2α templates, the published apo and the representative holo mAhR homology models. The results in Table 3 indicate a clear ligand induced-fit effect on the binding site extension, with inclusion of THS ligands in mAhR binding site almost doubling the cavity volume. Comparison of selected holo mAhR homology models with the HIF-2α templates reveals a more extended "channel-like" binding cavity. Superimposition of these models with the templates shows an outward shift of the Aβ strand that could explain the observed longer extension of the mAhR ligand binding site.
Evaluation of the THS Ligands Binding Mode in mAhR.
THS compounds were rigidly copied from the HIF-2α structural templates into the mAhR binding site during the homology modeling process. The representative conformations complexed with the HIF-2α ligands were subjected to energy minimization as described in the Experimental Section. This permitted relaxation of THS ligands in their new protein environment, in order to facilitate the evaluation of their possible binding mode in the mAhR LBD.
All the energy minimized complexes were ranked using Glide extra precision (XP) scoring function, 53 and the representative complexes with the best scores (mAhR_HM79+THS-017, mAhR_ HM70+THS-020, and mAhR_HM01+THS-044) were chosen for more focused structural analysis. An intramolecular hydrogen bond between the ligand aniline and nitro group, similar to the one described for the crystallographic HIF-2α/THS complexes, 30 ,31 was 
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ARTICLE observed also in the minimized complexes ( Figure 3) . This bond provides a high internal stabilization and favors a stable bent conformation of the ligands. Polar interactions of the amino and nitro groups with the His 285 and the Gln377 side chains anchor the central part of the ligand molecules. The trifluoromethyl group, that lies at the entrance of the cavity in a hydrophobic environment, is also subjected to some stabilizing polar interactions with Ser 330 and Ser 359, whereas the aryl ring is packed with the side chains of Phe 289 and Phe 345. As highlighted above, the mAhR LBD shows a more extended binding cavity than HIF-2α. Given the low calculated rmsd between the ligand structures pre-and post-energy minimization (Table 4) , the binding conformations of the THS ligands appear almost conserved after the energy minimization. However, as both THS-017 and THS-020 contain a flexible spacer (methylene group), they can assume slightly more extended conformations in mAhR than in HIF-2α by projecting their heterocyclic rings deeper into the mAhR cavity, in a highly hydrophobic region. As shown in Figure 3 , the chemical properties and the binding conformations observed for the heterocycles of THS-017, THS-020, and THS-044 in this zone seem to correlate with the relative order of their experimental affinities. In fact, the thiophene ring in THS-017 is highly hydrophobic and thus would be particularly well stabilized in this environment by favorable van der Waals contacts. The furan group in THS-020 would also prefer hydrophobic surroundings, but the harder oxygen atom introduces some system polarity; in the derived model only the side chains of Thr 283, His 285, and Gln 377 could help in stabilizing this slightly polar system. In contrast, the placement of the polar and basic morpholine group of THS-044 would not be favored in this binding site area, and this destabilization could explain its extremely low affinity for the AhR compared to the other THS ligands. Considering the experimental affinity data we obtained for the THS compounds in mAhR, THS-044, that does not bind mAhR, was excluded from further modeling investigations.
Ensemble Docking Approach To Study Ligand Binding to the AhR. As discussed above, in mAhR homology models some conformational variability is observed around Gly 313. This residue and its surroundings line the ligand binding pocket, and its dynamic behavior could influence the dimensions of the cavity and consequently ligand placement. For this reason, its dynamics should be taken into account during docking calculations. However, incorporating protein flexibility during molecular docking still remains one of the major challenges of this method. 54, 55 Although numerous programs allow induced-fit docking, these calculations still remain computationally expensive, time-consuming, and not suitable for virtual screening. Accordingly, ensemble docking 56 was selected as the optimal approach to perform the "dynamic" docking of ligands in the mAhR homology model, using the representative homology models selected by cluster analysis to describe discrete conformational states of the binding site in which ligands could explore different binding modes. The Glide program was used to perform an exploratory ligand docking, and, in order to establish a general approach, we selected the Glide standard precision (SP) protocol. 57À59 The described approach was initially applied for the redocking of the two THS ligands that bind the mAhR, in order to test its ability in reproducing the reference binding modes derived from the HIF-2α templates and relaxed in the mAhR binding site (Figure 3) . The starting conformation of each THS ligand is the global minimum conformer (obtained as described in the Experimental Section); in both cases it belongs to the same conformational cluster of the crystallographic structure. To broadly explore the conformational variability of the flexible THS ligands, the first 10 docking poses for each representative mAhR conformation were analyzed. Two clusters of poses were obtained for both ligands, and the most populated cluster (60% for THS-017, 73% for the THS-020) reproduces the reference binding mode. The pose with the lowest rmsd to the reference obtained in each representative mAhR conformation was retained and subjected to energy minimization, according to the protocol described in the Experimental Section. Finally, the energy minimized complexes were ranked on the basis of the rmsd to the reference. The best final poses ( Figure SI3 ) reproduce well the ones obtained from the templates, with global rmsd values of 2.74 Å, for the THS-017, and 0.43 Å, for THS-020. Only a conformational rearrangement of the THS-017 thiophene ring, due to the flexibility of the connecting methylene group, is observed. The network of stabilizing interactions with the mAhR previously discussed (Figure 3 ) was maintained in these poses.
TCDD is the highest affinity and most potent AhR ligand. 6, 40 Considering its extremely high potency and toxicity in many species, it has been widely studied in order to assess the structural determinants that drive its strong association with the AhR. The TCDD best-ranked docking poses in the representative mAhR conformations, obtained applying our docking protocol, are shown in Figure 4a . Three clusters of TCDD placements within the cavity are observed: an "internal" pose (in mAhR_HM01), two "central" poses (in mAhR_HM70 and mAhR_HM77), and an "external" pose (in mAhR_HM79). Energy minimization of the complexes (see the Experimental Section) permitted the relaxation of the TCDD molecule, its 5 Å shell of surrounding residues, and the residues that we experimentally identified as the TCDD binding fingerprint (Thr 283, His 285, Phe 289, Tyr 316, Ile 319, Phe 345, and Ala 375). 17 After the energy minimization, almost all the docking poses converge in one conformational cluster that occupies the middle of the cavity, suggesting a favorable intermolecular interaction network in this zone.
To better investigate the observed positional convergence of TCDD in the representative mAhR homology models, we carried out combined Monte Carlo/Stochastic Dynamics (MC/SD) simulations. 60 The MC/SD procedure differs from a normal dynamics simulation in that it uses a mixture of Metropolis Monte Carlo 61 and dynamics steps in order to greatly increase the rate at which a simulation explores conformational space. The "internal" (mAhR_HM01+TCDD) and "external" (mAhR_HM79+TCDD) poses obtained by molecular docking were selected as starting conformations for 1.5 ns of MC/SD simulations. These simulations revealed that TCDD could move within the cavity by 0.4À4.0 Å of the rmsd, relative to its starting conformations. Almost 30% of the TCDD conformational population sampled during the MC/SD showed a hydrogen bond with the Thr 283 side chain and almost 70% forms a hydrogen bond with the Gln 377 side chain, thus Journal of Chemical Information and Modeling ARTICLE confirming a certain degree of stabilization of the ligand in the middle part of the cavity. MC/SD results appear to correlate with both the observed docking poses and the energy minimization results and indicate that TCDD, a highly symmetric and flat molecule, can explore the cavity extension but seems better stabilized within the middle of the binding site where its oxygen atoms can form hydrogen bonds with Thr 283 and Gln 377 side chains. The energy minimized mAhR/TCDD complexes were ranked using Glide extra precision (XP) scoring function 53 in order to select a representative complex. The best scoring complex (mAhR_HM01+TCDD) is shown in Figure 4b . The mAhR binding site was mapped using SiteMap program 62 in order to verify matching between the ligand and protein properties. An extended hydrophobic channel was identified at À0.5 kcal/mol together with smaller hydrogen bond donor and acceptor globular volumes at À8 kcal/mol. TCDD fills the hydrophobic channel and orients one oxygen atom near the hydrogen bond acceptor spot (Figure 4c) . Thus, the observed ligand binding placement seems to satisfy the mAhR physicochemical requirements. Superimposition of the best scored complexes for TCDD and the THS ligands allowed direct comparison of the binding mode for all the ligands ( Figure 5 ). TCDD and the THS ligands occupy almost the same region in the binding site. However TCDD is projected slightly more into the cavity than the THS ligands. In fact the former is a rigid and flat molecule, while the latter ligands assume a stable bent conformation driven by the intramolecular hydrogen bond between the amino and nitro groups.
Computational and Experimental Data Correlation Analysis. The Glide XP scores for the best mAhR/ligand complexes, both obtained by docking and derived from the templates, are summarized in Table 5 . In both cases, the computational ranking is coherent with the differences observed in the experimental ligand binding affinities between the TCDD and the THS ligands. However, the scoring function applied is not sensitive Journal of Chemical Information and Modeling ARTICLE enough to clearly differentiate the higher intermolecular stabilization of THS-017 with respect to THS-020 in the binding site. Extensive experimental mutagenesis of the mAhR LBD has been carried out over the past few years in order to identify and characterize the key residues involved in TCDD binding, and these experimental data were used to assess the binding pose of TCDD obtained by molecular docking. We focused our attention specifically on the residues contained within the 5 Å shell around the docked ligand (Table 6) , and indeed we found that these include all the residues previously identified as the TCDD binding-fingerprint (Figure 4b ), for which mutagenesis resulted in the complete loss of TCDD binding and TCDD-induced DNA binding. 17 Other interesting residues that lie within the 5 Å shell around the docked TCDD were identified by site-directed mutagenesis and functional analysis, carried out by our group and others, as important for TCDD binding. In particular: mutation of the residues Pro 291, Phe 318, and Ala 361 reduced or eliminated TCDD binding; 17 Analysis of the new mAhR LBD homology model and of the TCDD docking also identified other interesting residues that have not been previously examined by mutagenesis and functional analysis (Table 6 ). Several of these residues (Leu 302, Leu 309, Leu 347, and Ser 359) were selected for experimental mutagenesis analysis as they project their side chains toward the two sides of the elongated binding cavity, with the three leucine residues lining the inner cavity and Ser 359 present at the entrance of the cavity. Accordingly, we generated a series of mutant AhRs containing individual alanine substitutions at these specific positions (L302A, L309A, L347A, and S359A) and demonstrated that these specific mutations did not negatively affect expression levels of the AhRs as each had levels of the in vitro expressed protein similar to that of wtAhR (Figure 6a ). All the mutations produced significant effects on TCDD binding: AhRs containing L302A, L309A, or L347A mutations exhibited loss of [ Figure 6b and 6c) . These results strongly suggest that the loss of ligand-dependent transformation and DNA binding is due to loss of ligand binding activity and is not due to alterations in other steps in liganddependent AhR transformation (i.e., hsp90 interactions, ARNT dimerization and/or DNA binding). Therefore, these new mutagenesis data further confirm the proposed binding mode of TCDD in the mAhR binding site, particularly highlighting the role of the hydrophobic environment conferred by the three leucine residues in the inner part of the cavity in ligand stabilization.
Further validation of the reliability of the proposed approach was obtained by docking TCDD into the human AhR model. We previously highlighted 14, 65 the critical role of the unique internal residue of huAhR different from a residue of the mAhR, V381 instead of A375 in mAhR ( Figure SI1 ), in determining the lower TCDD binding affinity observed for the huAhR. 33 We proposed that the bigger valine side chain reduces the internal space required for accommodating the TCDD molecule and confirmed this hypothesis by observing the dramatically reduced TCDD binding to the A375 V mutant mAhR. 14, 65 These findings were also confirmed by molecular docking, carried out by our group and others, into the homology model of this mutant 17, 18 and of the huAhR. 18 The huAhR homology model was built using the three holo HIF-2α structures as templates (alignment in Figure SI1 ), and four representative conformations were selected from the 100 models generated by MODELLER (selection funnel reported in Scheme 1). The same ensemble docking and minimization procedure adopted for predicting the TCDD binding pose in the mAhR was used (see Experimental Section). The comparison between the Glide XP best scoring pose of TCDD in the huAhR and in the mAhR shows that, even though the modeled cavity volumes were similar (803 Å 3 in huAhR and 813 Å 3 in mAhR), there are differences in the ligand orientation. In particular, the molecular plane of the TCDD is slightly rotated and shifted Residues in the 5 Å shell from the TCDD of the selected mAhR model (mAhR_HM01+TCDD) are listed. All mutant AhR analysis results, except those indicated with a reference number, were from the studies described here or our previously mutational analysis. 14, 17 toward the entrance of the cavity in the huAhR, compared to that in the mAhR, and this shift is due to the sterical hindrance of the Val 381 side chain of the huAhR (results not shown). As a consequence, in the huAhR there are increased distances from the ligand to the side chains for which highly stabilizing interactions were predicted from the TCDD/mAhR pose (in particular Gln 383 and Thr 289, corresponding to Gln 377 and Thr 283 in mAhR). Accordingly, the best Glide XP score for the huAhR pose (À7.48) was higher (less favorable) than for the mAhR one (À8.70, in Table 5 ). Together, these results confirmed the ability of the proposed modeling-docking protocol to correctly rationalize the binding affinity differences for the same ligand within the LBD of the AhRs from different species.
Virtual Ligand Screening of PCDDs. To verify the improvement resulting from the use of AhR LBD models derived from holo HIF-2α template structures in ligand docking, as well as to validate the proposed docking protocol, the virtual screening of a set of ligands with known experimental binding affinity data was performed. PCDDs were selected as the ligands for these studies, as they are a class of environmental contaminants that are known to bind to the AhR with a wide range of affinities, from the highest known affinity ligand 2,3,7,8-TCDD to inactive compounds, depending on the chlorine substitution pattern on the aromatic rings. 5À7 In particular, a group of 14 PCDDs for which a homogeneous set of binding affinity data for the rat AhR is available 34, 35 were selected for these studies. Given that the best available set of ligand binding data was derived using rtAhR, a rtAhR LBD homology model was developed using the same protocol described for the mAhR and the huAhR models (the reference sequence alignment is reported in Figure SI1 ). Four representative models were selected and used for the ensemble docking of PCDDs and the following refinement and rescoring steps (see the Experimental Section). Moreover, the same procedure was also used to analyze PCDD binding to the rtAhR model we developed starting from the apo NMR structures of the HIF-2α and ARNT PAS B, 15, 16 for comparative purposes.
Similarly to the differences observed in the cavity space of the mAhR apo and holo models (Table 3) , the obtained rtAhR binding cavities also have very different CASTp volumes, ranging from 344 Å 3 to 773 Å 3 for the four representative apo models and from 636 Å 3 to 1071 Å 3 for the four representative holo models. The Glide XP best scoring poses obtained at the end of the docking, minimization, and rescoring procedure for the 14 PCDDs into the apo and holo models of the rtAhR are shown in Figure SI4 . It can be observed that in the apo model ( Figure SI4 a) favorable poses into the binding cavity were only found for a limited number of ligands, whereas others were excluded, irrespective of their experimentally established binding affinity. In particular, the poses of the lowest chlorinated PCDDs In contrast, binding poses were found in the cavity of the holo model for all the PCDDs, except OCDD (Figure SI4 b) . As expected from the observation that the rtAhR and mAhR modeled binding cavities have similar volumes and share the same internal residues, 17 the predicted 2,3,7,8-TCDD pose lies in the same central region as in the mAhR model and interacts with the same surrounding residues, whose role in TCDD binding to the mAhR was validated by mutagenesis analysis. The other PCDDs were docked in the same zone but with different orientations of the molecular planes and intermolecular interactions; in particular, the poses of the PCDDs that were excluded from the cavity of the apo model were placed with the bulky aromatic ring close to the large entrance of the holo cavity. It is conceivable that the successful results reported in docking of ligands into the reduced cavity of AhR models derived from the HIF-2α apo structure 18, 21 is due to the use of different docking protocols having more tolerant intermolecular potentials or explicit treatment of the receptor flexibility.
It is known that docking scoring functions suffer limitations in predicting the binding energies, 59 and a rescoring procedure is often required to obtain a better ranking of the binding poses. Indeed, the Glide XP scoring function was not able to correctly evaluate the observed differences in the PCDD poses in the holo rtAhR model and failed to reproduce the experimentally determined ranking of their binding affinities. Therefore, a rescoring of the obtained poses was performed with the molecular mechanics generalized Born/surface area (MM-GBSA) protocol 67 (see the Experimental Section). Such calculations are largely used in lead optimization for rescoring poses unfavorably ranked by docking programs, 21, 68, 69 and this method has been proven to perform best for congeneric series of ligands. 21 The resulting correlation between the MM-GBSA binding free energy and the experimental pEC 50 values 34, 35 for the PCDD set ( Figure 7 ) was very good, with a correlation coefficient R 2 = 0.81. Lower correlations with the experimental binding affinities were obtained by other authors, by using similar docking and rescoring programs, for the docking of PCDDs and other classical AhR ligands to an AhR LBD model derived from the apo HIF-2α template. 21 
' CONCLUSIONS
While an accurate structural description of the ligand binding domain of the AhR would contribute to our understanding of key questions related to ligand binding and ligand-dependent AhR activation, no experimentally determined structures are currently available. Moreover, since all previous homology models of the AhR LBD were derived from apo template structures, 13,14,17À21 it is expected that the description of the binding site they provide has some limitations in ligand binding prediction based on molecular docking approaches, 26 particularly for virtual screening applications for which incorporating protein flexibility is computationally too expensive. However, the recent determination of holo X-ray structures of the template HIF-2α PAS B domain complexed with several synthetic THS ligands, 30, 31 gave us an opportunity to develop a new homology model of the AhR LBD specifically aimed at improving docking reliability.
The AhR functional analysis experiments reported here not only confirmed the ability of two HIF-2α crystallographic ligands to bind to the mAhR with relatively high affinity but also demonstrated that THS-017 and THS-020 were AhR agonists. Together, these results justify the use of the holo HIF-2α structures as templates. Indeed, comparative analysis of the holo mAhR homology model obtained in this work with the apo model developed previously 14 confirmed a significant ligand induced-fit effect that produces a considerable enlargement of the binding cavity. Moreover, the putative binding modes of the THS ligands within the mAhR LBD, evaluated by energy minimization of the mAhR/THS complexes derived from the holo model, resulted in good agreement with the mAhR binding site properties.
On the basis of these positive results a specific approach was developed for ligand docking using the new mAhR homology model. It includes ensemble docking to take into account the conformational flexibility of the binding domain and a refinement step consisting of post-docking energy minimization of the obtained complexes. This approach was applied for docking both the THS ligands and TCDD and a good coherence between the virtual ranking of the complexes, obtained by the Glide XP score, and the experimental ranking based on measured ligand binding affinities was obtained. Moreover the obtained TCDD docking poses were consistent with the mutagenesis and mAhR functional analysis data previously generated by our group and others. 14, 17, 63, 64 Additional mutagenesis analyses were based on TCDD docking poses in the new homology model, and the results further confirmed the binding mode obtained for TCDD. Further validation of the proposed approach was obtained from TCDD docking poses into the mAhR and the huAhR that correctly reproduced the experimental evidence for different ligand affinities. Finally, a very satisfactory correlation was obtained between the pEC 50 values for a set of 14 PCDDs for the rtAhR and the binding free energy of their docking poses, as determined by the MM-GBSA rescoring protocol.
Overall, the agreement between the modeling and experimental results obtained in these studies supports the use of the proposed computational workflow for molecular docking into the new AhR homology model to predict and study the binding modes of structurally diverse ligands in the AhR LBD. This protocol can also be automated by setting up an operative pipeline with KNIME 70 program, in order to perform virtual screening of large collections of compounds.
' EXPERIMENTAL SECTION Expression Plasmids, Site-Directed Mutagenesis, and in Vitro Protein Expression. C57BL AhR-expressing plasmid βAhR/ pcDNA3 and ARNT-expressing plasmid βARNT/pcDNA3 have been previously described.
12,37,71 AhR point mutants were generated using the QuikChange Multi Lightning site-directed mutagenesis kit (Promega) and mutations verified by sequencing. Wildtype and mutant AhRs and ARNT were synthesized in vitro in the presence of L-[ 3 H]TCDD specific binding and competitive binding analysis for determination of relative ligand binding affinity was carried out using the hydroxyapatite binding assay as previously described for in vitro synthesized AhR. 12 The relative binding affinity of THS-017 and THS-022 for the AhR (i.e., IC 50 s) was determined from nonlinear regression analysis (Sigma Plot) of the competitive binding curves. Expression levels of the in vitro synthesized wt and mutant AhR were determined by synthesizing them as 35 S-labeled proteins and resolving the denatured proteins by SDS-polyacrylamide gel electrophoresis as described. 
34,35
Journal of Chemical Information and Modeling ARTICLE Resposive Element 3, DRE3) from the murine CYP1A1 upstream regulatory sequence were 32 P-labeled and utilized for gel retardation analysis as previously described 12, 17, 36 with the following changes. In vitro synthesized wild-type and mutant mAhR and mARNT reactions were incubated in the absence or presence of 10 nM TCDD for 2 h at room temperature, and an aliquot of the reaction was mixed with buffer containing poly dI•dC (final buffer concentrations were as follows: 25 mM Hepes, pH 7.5, 5 mM ethylenediaminetetraacetic acid, 5 mM dithiotreitol, 10% [v/v] glycerol, 200 mM KCl and 121.9 ng dI•dC) and incubated for 15 min at room temperature followed by addition of 32 P-labeled DRE-containing DNA and further incubation at room temperature. TCDD:AhR:ARNT:DRE complexes were resolved by gel retardation analysis as previously described 14, 17 and quantitated using a Fujifilm FLA9000 imaging system and MultiGauge software (Fujifilm).
Transient Transfection. COS-1 cells were obtained from the American Type Culture Collection (Manassas, VA) and were maintained in minimum essential medium (αMEM) (Invitrogen) under 5% CO 2 at 37°C. Transient transfections were performed using lipofectamine 2000 (Invitrogen), with 0.8 μg DNA and 2 μL lipofectamine 2000 added to each well in 24 well plates. Cells were transfected with the following plasmids, per well: 40 ng βAhR/ pcDNA3, 200 ng pGudLuc6.1, 39 40 ng pRL-TK (Promega), and 520 ng of pcDNA3.1+ (Invitrogen) as carrier DNA. After 24 h, cells were incubated for 24 h with indicated concentrations of TCDD (obtained from Dr. S. Safe), and 3-methylcholanthrene (3MC; Sigma-Aldrich), indirubin (AmplaChem, Inc.), alphanaphthoflavone (aNF; Sigma-Aldrich), or indicated THS compounds. Cells were lyzed and dual luciferase activity measured using the Dual reporter system (Promega) and Orion 1 luminometer (Berthold).
Templates Preparation. X-ray complexes 3F1O, 3H7W, and 3H82 were downloaded by the Protein Data Bank. 72 Chain A, including the HIF-2α/THS ligand complex, has been isolated removing chain B (ARNT protein) and all the crystallographic water molecules.
Protein Preparation Wizard included in Maestro 9v0 73 was used to check structural defects of the raw structural data and to adjust them. The preprocessing step was carried out using all the default values. THS ligands connectivity was corrected as it was improper. The hydrogen bond optimization step was carried out in exhaustive way, and the "Impref optimization" was performed only on the hydrogen with OPLS2005 force field and converging to a rmsd of 0.30 Å.
The corrected and refined HIF-2α/THS ligand structures have then been used for all the subsequent modeling activities.
Homology Modeling. MODELLER version 9v7 42À45 was used to predict mAhR three-dimensional structure. One hundred individual models were obtained by random generation of the starting structure. The "copy ligand" option was activated in order to transfer all the THS ligands from the templates to the final homology models. DOPE scoring 46 was selected to perform the models ranking.
The quality of the obtained models was assessed by the PROCHECK program, 47 that provides information about the stereochemical quality, and by the ProSA validation method, 48, 49 that evaluates model accuracy and statistical significance with a knowledge-based potential. . A substructure defining different degrees of system flexibility was prepared for mAhR/THS ligands complexes. THS ligands and the side chains of the residues shell within 5 Å from the THS ligands were defined as free to move; the backbones of the residues shell within 5 Å from the THS ligands were constrained with a force constant of 200 kJ*mol À1 *Å
THS Ligands Conformational
À2
; the residues within 5À7 Å from the THS ligands were constrained with a force constant of 500 kJ*mol À1 *Å
, and, finally, all the remaining residues were frozen.
For mAhR/TCDD a slightly different substructure was defined to include in the flexible shell also the fingerprint residues previously identified. 17 The TCDD structure, the side chains of the residues shell within 5 Å from the ligand, and the side chains of the fingerprint residues (Thr 283, His 285, Phe 289, Tyr 316, Ile 319, Phe 345, Ala 375) were defined as free to move; the backbone of the residues shell within 5 Å from the ligand and the backbone of the fingerprint residues were constrained with a force constant of 200 kJ*mol À1 *Å À2 ; the residues within 5À7 Å from the ligand were constrained with a force constant of 500 kJ*mol À1 *Å À2 , and, finally, all the remaining residues were frozen.
Molecular Docking. Molecular docking was carried out using the Glide program 57, 58, 66 included in Maestro 9v0. 73 Glide uses a hierarchical series of filters to search for possible locations of the ligand in the active-site region of the receptor. The shape and properties of the receptor are represented on a grid by several different sets of fields that provide progressively more accurate scoring of the ligand poses. Ligand conformational flexibility is handled in Glide by an extensive conformational search, augmented by a heuristic screen that rapidly eliminates unsuitable conformations. The final scoring of the poses is carried out using Schr€ odinger's proprietary GlideScore multiligand scoring function.
Grids for mAhR homology models were set up using default parameters. The binding box was centered in the averaged X, Y, Z coordinates of the three THS ligands centroids with 12 Å sides length. Flexible ligand docking was carried out in standard precision (SP) approach saving only one final pose. All the other parameters are the default ones.
The rescoring of the energy minimized complexes was performed using Glide extra precision (XP) scoring function. 53 All the other parameters are the default ones.
The rescoring of the PCDD docking poses into the rtAhR model was performed by molecular mechanics generalized Born/ surface area (MM-GBSA), which uses MD simulations of the free ligand, free protein, and their complex as a basis for calculating
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ARTICLE the binding free energy of proteinÀligand complexes. This calculation was performed using Prime MM-GBSA, 67 excluding entropic terms, with a flexible receptor shell within 8 Å from the ligand.
Molecular Dynamic Simulations. Monte Carlo/Stochastic Dynamics (MC/SD) 60 performs constant temperature calculations that take advantage of the strengths of Monte Carlo methods for quickly introducing large changes in a few degrees of freedom, and stochastic dynamics for its effective local sampling of collective motions. For MC/SD simulations torsions to be rotated and, if there is more than one molecule in the system, molecules to be translated and rotated must be specified.
MC/SD calculations were carried out using the MacroModel 74 program included in Maestro 9v0. 73 MC/SD workflow starts with an initial energy minimization of the complex that was carried out with the following parameters: Amber* force field, 75 implicit (Generalized Born/Solvent Accessible, GB/SA) water solvation, 76 Truncated Newton Conjugate Gradient (TNCG) 77 minimization algorithm with a maximum number of iterations of 1500, convergence on a gradient threshold of 0.05 kJ*mol À1 *Å
À1
. Stochastic dynamics was performed with the following parameters: Amber* force field, 75 implicit (Generalized Born/Solvent Accessible, GB/SA) water solvation, 76 no shake, simulation temperature 300 K, time step 1.5 fs, equilibration time 10 ps, simulation time 1500 ps, 1000 structure sampled. The snapshot structures sampled during the simulation were not energy minimized.
TCDD is a rigid molecule, and thus no torsions were varied during the Monte Carlo step that was used to allow its translation (0À5 Å range) and rotation (0°À180°range). The ratio of SD to MC steps was set to 1.
A substructure defining different degrees of system flexibility was prepared and applied in all the steps of the MC/SD: TCDD, the side chains of the residues shell within 5 Å from the ligand and the side chains of the fingerprint residues 17 Thr 283, His 285, Phe 289, Tyr 316, Ile 319, Phe 345, Ala 375 were defined as free to move; the backbones of the residues shell within 5 Å from the ligand and the backbones of the fingerprint residues were constrained with a force constant of 200 kJ*mol À1 *Å
À2
; the residues within 5À7 Å from the ligand were constrained with a force constant of 500 kJ*mol À1 *Å À2 , and, finally, all the remaining residues were frozen.
' ASSOCIATED CONTENT b S Supporting Information. Figure SI1 . Alignment of the LBD domains of mouse, human and rat AhRs against HIF-2α. Figure SI2 . Cα-trace representation of the 100 mAhR homology models generated by MODELLER. Figure SI3 . Results of ensemble docking of THS-017 and THS-020 in the mAhR homology models. Figure SI4 . Results of PCDD ensemble docking in the rtAhR LBD homology models. This material is available free of charge via the Internet at http://pubs.acs.org. ' ABBREVIATIONS:
